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Introduction
============

Centrosomes are the main microtubule-organizing centers in animal cells, and they consist of a pair of centrioles surrounded by an amorphous pericentriolar material (PCM; [@bib22]; [@bib37]; [@bib3]). Proteins that contain a Pericentrin/AKAP450 centrosomal targeting (PACT) domain ([@bib14]) have been implicated in recruiting several proteins to the centrosome. Pericentrin (also called Kendrin; [@bib11]; [@bib10]) is a component of the PCM, and anti-pericentrin antibodies disrupt meiotic and mitotic divisions when injected into frog embryos ([@bib7]). The overexpression of Pericentrin in tissue culture cells also leads to mitotic spindle defects ([@bib35]; [@bib34]). Pericentrin forms a complex with the γ-tubulin ring complex, and both proteins form a unique structural lattice within the PCM ([@bib5]). Pericentrin also interacts with cytoplasmic dynein, and this interaction is thought to play a role in the recruitment of Pericentrin and γ-tubulin to centrosomes ([@bib35]; [@bib47]). Thus, it is widely believed that Pericentrin is essential for mitosis. In support of this possibility, SPC110, the only PACT domain protein in *Saccharomyces cerevisiae*, is an essential protein that tethers the microtubule-nucleating Tub4 (γ-tubulin in *S. cerevisiae*) complex to the inner side of the spindle pole body ([@bib27]; [@bib33]).

The A-kinase anchoring protein AKAP450 (also called CG-NAP; [@bib41]) contains a PACT domain and recruits PKA and several other proteins to the centrosome ([@bib24], [@bib25]; [@bib41]). Displacement of the endogenous AKAP450 from centrosomes in tissue culture cells (by overexpression of the AKAP450 PACT domain) leads to defects in cytokinesis, cell cycle progression, and centriole replication ([@bib25]). In these analyses, the displacement of AKAP450 from centrosomes did not disrupt the centrosomal localization of Pericentrin or γ-tubulin. However, there may be some functional redundancy between Pericentrin and AKAP450/CG-NAP, as Pericentrin can interact with PKA ([@bib6]), and AKAP450/CG-NAP can interact with components of the γ-tubulin ring complex ([@bib42]).

In *Drosophila*, the predicted gene *CG6735* encodes the only recognizable PACT domain protein ([@bib14]), and we call this protein the *Drosophila* Pericentrin-like protein (D-PLP). We find that there are two distinct fractions of D-PLP associated with centrosomes---one that associates with centrioles and another that associates with the PCM. D-PLP is required for the efficient centrosomal recruitment of not just γ-tubulin, but of all six PCM components that we tested. Surprisingly, however, all of these PCM components can eventually be recruited to mitotic spindle poles in *d-plp* mutants, and mutants are viable and exhibit few (if any) mitotic defects. However, mutant flies are severely uncoordinated, a phenotype often associated with defects in mechanosensory neuron function. We show that the mechanosensory cilia in these neurons are abnormal in *d-plp* mutants, and the cells can no longer respond to external stimuli. Moreover, *d-plp* mutant sperm are nonmotile, suggesting that D-PLP is essential for the proper function of all cilia and flagella in flies.

Results
=======

Characterization of the *d-plp* gene
------------------------------------

The predicted protein encoded by the *CG6735* gene contains a COOH-terminal PACT domain ([Fig. 1](#fig1){ref-type="fig"} A). It was shown previously that the COOH-terminal 226 amino acids of this protein fused to GFP ([Fig. 1](#fig1){ref-type="fig"} A; GFP-PACT) localizes to centrosomes when ectopically expressed in human tissue culture cells ([@bib14]). A full-length cDNA has been isolated for *CG6735* ([Fig. 1](#fig1){ref-type="fig"} B; D-PLP-S), and recently a longer cDNA has been isolated that incorporates two other predicted genes in this region ([Fig. 1](#fig1){ref-type="fig"} B, D-PLP-L; [@bib21]). Thus, the *d-plp* gene encodes at least one large (D-PLP-L) and one small (D-PLP-S) form of D-PLP.

![**Characterization of the *d-plp* gene.** (A) A schematic representation of the *d-plp* genetic region, as originally assigned by the Berkeley *Drosophila* Genome Project. The coding regions used to generate the anti-D-PLP-L and anti-D-PLP antibodies are indicated, as is the position of the *l(3)S2172* P-element insertion. The PACT domain is indicated by the gray box. (B) Structure of the two identified cDNAs encoded by *d-plp*. (C) A Western blot of extracts of WT, *d-plp* ^2172^, and *d-plp* ^5^ mutant larval brains probed with anti-D-PLP antibodies. The antibodies recognize a band of ∼400 kD (D-PLP-L) that is strongly reduced in both alleles, and a band of ∼180 kD (D-PLP-S) that is reduced in the *d-plp* ^5^ allele. These antibodies also recognize a series of bands of ∼200--350 kD. In the WT lane, some of these bands appear to be alternatively spliced versions or degradation products of D-PLP-L. In the *d-plp* ^5^ lane, the residual bands appear to be a nonspecific background, as they are present at an approximately equal intensity in all 18 *d-plp* mutant alleles (even those that lack detectable D-PLP-L and D-PLP-S \[not depicted\]; see below). Blots were probed with anti-tubulin antibodies as a loading control.](200402130f1){#fig1}

We raised antibodies against two regions of D-PLP ([Fig. 1](#fig1){ref-type="fig"} A). Anti-D-PLP antibodies should recognize both D-PLP-S and D-PLP-L, whereas anti-D-PLP-L antibodies should recognize only D-PLP-L ([Fig. 1, A and B](#fig1){ref-type="fig"}). In Western blots of third instar larval brains, both antibodies recognized a cluster of 2--4 high mol wt bands in the ∼300--450-kD range, and the anti-D-PLP antibodies also recognized a band of ∼180 kD. These proteins appear to be products of the *d-plp* gene, as their abundance was altered in the brains of *d-plp* mutant larvae ([Fig. 1](#fig1){ref-type="fig"} C; see below).

The D-PLP protein is associated with centrioles
-----------------------------------------------

Both anti-D-PLP and anti-D-PLP-L antibodies stained centrosomes as a very small dot that was located in the middle of the PCM ([Fig. 2](#fig2){ref-type="fig"} A). The GFP-PACT fusion protein also localized to centrosomes as a very small dot that colocalized with the endogenous D-PLP ([Fig. 2](#fig2){ref-type="fig"} B). This suggested that D-PLP and GFP-PACT were primarily associated with centrioles, rather than with the PCM.

![**D-PLP and GFP-PACT are associated with centrioles.** (A) In fixed WT embryos, anti-D-PLP-L antibodies stain centrosomes as a small dot that is located in the center of the PCM (stained here with anti-γ-tubulin antibodies). (B) GFP-PACT colocalizes with D-PLP in these small dots. Note that the intensity of the D-PLP and GFP-PACT staining varies from centrosome to centrosome (A and B, arrows and arrowheads). This is because the D-PLP and GFP-PACT dots are so small that they often cannot all be visualized in the same optical section. (C) In *Drosophila* oocytes, D-PLP and GFP-PACT colocalize in small dots that appear to be the centrioles (arrows; see text). Both markers also stain the centrioles in the follicle cells that surround the oocyte and nurse cells (arrowheads). GFP-PACT is also present in the oocyte and nurse cell cytoplasm and nuclei, presumably because this fusion protein is expressed at higher levels than the endogenous protein. (D) GTU88\* and anti-D-PLP-L antibodies recognize the centrioles in interphase larval neuroblasts. In A--D, DNA is shown in blue in the merged images. (E) In living WT spermatocytes, GFP-PACT is concentrated in the large pair of orthogonally arranged centrioles at the poles of each meiosis I spindle (arrow; inset shows a 3×-magnified view of a centriole pair). The middle panel shows a phase-contrast image, and the right panel a merged image. The panel on the far right shows a schematic representation of the centrioles (green), PCM (red), and microtubules (blue) in a typical meiosis I spindle. (F) In a WT cyst of maturing sperm, GFP-PACT is concentrated in the centrioles/basal bodies located at the base of each sperm flagellum. The panel on the far right shows a schematic representation of the DNA (black), centriole/basal body (green), and microtubules (blue) in a single sperm. Bars, 10 μm.](200402130f2){#fig2}

We tested this possibility in three ways. First, we examined the localization of D-PLP and GFP-PACT in *Drosophila* oocytes. In fly oogenesis, a cystoblast undergoes four rounds of incomplete cell division to generate a cyst of 16 cells that remain interconnected by intercellular bridges. EM analyses have shown that the centrioles in the 16-cell cyst lack any associated PCM, and they all migrate into the developing oocyte where they become clustered at the posterior pole ([@bib31]). Although several immunofluorescence analyses have failed to detect any PCM components associated with these centrioles ([@bib44]; [@bib43]; [@bib46]), a commercially available ascites fluid containing the anti-γ-tubulin mAb GTU88 has recently been shown to stain oocyte centrioles ([@bib17]; [@bib1]). In our hands, a specific batch of this ascites fluid (that we call GTU88\*) stained oocyte centrioles, but several other batches of GTU88 ascites fluid (from the same commercial supplier) did not, and several other anti-γ-tubulin antibodies also did not stain oocyte centrioles (unpublished data). Thus, GTU88\* appears to contain a contaminating antibody that recognizes centrioles in oocytes (and in all other *Drosophila* tissues that we tested; see below). In our hands, oocyte centrioles were stained by GTU88\*, by both D-PLP and D-PLP-L antibodies, and by GFP-PACT ([Fig. 2](#fig2){ref-type="fig"} C), but they were not stained by antibodies raised against any other PCM markers we tested (γ-tubulin, CNN, D-TACC, Msps, CP190, or CP60; unpublished data).

Second, we examined the localization of D-PLP and GFP-PACT in *Drosophila* larval brain cells. All the known PCM markers we tested did not stain the centrosomes during interphase in these cells (unpublished data). However, the GTU88\* antibody stained one or two dots (presumably the centrioles) in each cell during interphase, and these dots were also stained with D-PLP or D-PLP-L antibodies ([Fig. 2](#fig2){ref-type="fig"} D) and by GFP-PACT (unpublished data). Interestingly, microtubules were not detectably concentrated around these centrioles during interphase (unpublished data), suggesting that interphase centrosomes do not organize microtubules in these cells.

Third, we examined the localization of D-PLP and GFP-PACT in spermatocytes. These cells have very large centrioles and only a small amount of PCM ([@bib38]). Spermatocyte centrioles were stained with GTU88\* (see below), but surprisingly, they were not stained by D-PLP or D-PLP-L antibodies (unpublished data). We suspect that this is due to antibody penetration problems, as in living spermatocytes GFP-PACT strongly localized to the centrioles during meiosis ([Fig. 2](#fig2){ref-type="fig"} E; [@bib36]) and to the centrioles at the base of the mature sperm ([Fig. 2](#fig2){ref-type="fig"} F). However, in fixed preparations of testes expressing GFP-PACT, anti-GFP antibodies did not stain the centrioles, even though the centriolar fluorescence of GFP-PACT was still detectable (unpublished data). Thus, GFP-PACT cannot be detected in spermatocyte centrioles with anti-GFP antibodies. This probably explains why anti-D-PLP antibodies cannot detect D-PLP in these unusually large centrioles. Together, these data suggest that D-PLP and GFP-PACT are associated with centrioles in *Drosophila*.

GFP-PACT is associated with centrioles and with the PCM
-------------------------------------------------------

To test whether GFP-PACT is stably associated with centrioles, we performed a FRAP analysis in living embryos. We photobleached a small area of an embryo and monitored the recovery of fluorescence over time by time-lapse confocal microscopy ([Fig. 3](#fig3){ref-type="fig"}). In all 14 embryos we observed, some GFP-PACT fluorescence recovered rapidly (T~1/2~ ∼1--2 min) in a relatively broad area around the centrioles ([Fig. 3](#fig3){ref-type="fig"} A; arrowheads). However, the very bright, dot-like fluorescence of GFP-PACT never recovered if the embryos remained in interphase ([Fig. 3](#fig3){ref-type="fig"} A; 8/8 embryos observed in interphase for 8--30 min). However, the very bright, dot-like fluorescence of the centrioles invariably recovered as soon as the centrioles replicated ([Fig. 3](#fig3){ref-type="fig"} B; 6/6 embryos replicated their centrioles within the 10--15-min observation period). Thus, we conclude that there are two populations of GFP-PACT associated with centrosomes: a fraction that is stably associated with centrioles, and a fraction that is associated with the PCM and is in rapid exchange with a cytoplasmic pool.

![**FRAP analysis of GFP-PACT dynamics in living embryos.** A small area (white box) of an embryo expressing GFP-PACT was photobleached (at time 0:00), and the recovery of fluorescence was monitored by time-lapse confocal microscopy. Time (in minutes) is shown at the top of each panel. Arrows indicate the position of a centrosome outside of the bleached zone; arrowheads indicate the position of a centrosome within the bleached zone (or its approximate position when it could not be detected). The diagram below each panel shows a schematic interpretation of the fluorescent status of the centrioles and PCM within the bleached zone. (Note that although the centrioles are depicted here as pairs, these pairs cannot be resolved by the light microscope and so appear as a single dot in the embryo). Filled boxes or circles represent fluorescent centrioles or PCM, respectively; white boxes or circles represent bleached centrioles or PCM; circles filled with lighter shades of gray represent bleached PCM that has partially recovered its fluorescence. (A) An embryo that remained in interphase throughout the experiment. The position of the centrosomes can be seen within the bleached zone as an area of diffuse fluorescence (2:10 and 16:00), but no intense spot of centriole staining recovered in the bleached centrosomes. (B) An embryo that replicated its centrosomes during the experiment. The intense centriole staining in the bleached zone recovered as soon as the centrosomes duplicated (arrowheads at 9:00). Bar, 10 μm.](200402130f3){#fig3}

*d-plp* mutant flies are uncoordinated
--------------------------------------

To investigate the function of D-PLP, we searched the databases for mutations in the *d-plp* gene. The lethal line *l(3)s2172* contains a P-element inserted within an intron of *d-plp* ([Fig. 1](#fig1){ref-type="fig"} A). When homozygous, this mutant is lethal, but when transheterozygous with *Df(3L)BrdR15*, a deficiency that uncovers the *d-plp* gene, the mutant flies were viable. Thus, there is at least one lethal mutation on the *l(3)s2172* chromosome that is not associated with the P-element. We used standard meiotic recombination to separate the P-insertion from the other lethal mutation. We refer to this "cleaned up" recombinant chromosome as *d-plp* ^2172^.

Flies that were homozygous for the *d-plp* ^2172^ chromosome were viable, but they exhibited a severe "uncoordinated" phenotype and died shortly after eclosion because they immediately got stuck in the food. In Western blots of homozygous third instar larval brain extracts, the levels of D-PLP-L were reduced in mutant brains by \>95%, but D-PLP-S was present at normal levels ([Fig. 1](#fig1){ref-type="fig"} C). Therefore, we performed an ethylmethane sulphate mutagenesis screen to generate new *d-plp* alleles. We screened ∼5,000 mutagenized chromosomes for lethality or for an uncoordinated phenotype when transheterozygous with *d-plp* ^2172^. We generated 17 new alleles of *d-plp*, all of which were viable but uncoordinated when transheterozygous with either *d-plp* ^2172^ or *Df(3L)BrdR15*. Western blotting revealed that all 17 lines had at least reduced levels of D-PLP-L, and five lines had undetectable levels of both D-PLP-L and D-PLP-S (unpublished data; [Fig. 1](#fig1){ref-type="fig"} C). In immunofluorescence analyses of mutant larval brains, no D-PLP protein was detectable at the centrioles of these five mutant lines with either the D-PLP or D-PLP-L antibodies (unpublished data; see below). Thus, these five alleles appear to be protein nulls.

We analyzed the *d-plp* mutant phenotype in detail in both homozygous *d-plp* ^2172^ animals and in animals that were transheterozygous for *d-plp* ^5^ (a putative protein null) and the *Df(3L)BrdR15* deficiency (for simplicity we refer to these flies as *d-plp* ^5^ mutants). We found that *d-plp* ^2172^ and *d-plp* ^5^ mutants had very similar phenotypes (suggesting that D-PLP-S is largely nonfunctional in the processes we describe here), and in the following figures, we often do not distinguish between them.

D-PLP is required for the efficient recruitment of proteins to the PCM
----------------------------------------------------------------------

We analyzed the distribution of γ-tubulin in immunostained preparations of wild-type (WT) and *d-plp* mutant brains. As discussed above, there is very little (if any) PCM associated with the centrioles of these cells in interphase. However, as WT cells entered mitosis, the levels of γ-tubulin at the centrosome increased dramatically, and the γ-tubulin formed particles in the cytoplasm that were initially recruited to a relatively broad region around the D-PLP--stained centrioles ([Fig. 4](#fig4){ref-type="fig"} A). In *d-plp* mutant cells, the centrioles were no longer detectable with anti-D-PLP-L antibodies, and the γ-tubulin particles were either weakly accumulated around the centrosomes (centrosome position was confirmed by following the localization of GFP-PACT in *d-plp* mutants; see below) or were dispersed throughout the cytoplasm ([Fig. 4](#fig4){ref-type="fig"} A).

![**The mitotic recruitment of** γ**-tubulin to centrosomes is impaired in *d-plp* mutant cells.** The distribution of D-PLP-L (left panels), γ-tubulin (middle panels), and DNA (right panels) is shown in WT and *d-plp* mutant larval brain cells in prometaphase (A) and metaphase (B). In WT prometaphase cells, γ-tubulin is recruited to a relatively broad area around the centrioles. In mutant prometaphase cells, D-PLP-L is no longer detectable at centrioles, and γ-tubulin is (1) often only weakly recruited to one or two diffuse areas (middle panels); or (2) remains scattered throughout the cell (bottom panels). In WT metaphase cells, γ-tubulin is recruited to a compact area around the centrioles. In mutant metaphase cells, the centrosomal recruitment of γ-tubulin is often weaker than normal (middle panels), and in some cells, particles of γ-tubulin remain scattered in the cytoplasm (bottom panels). Bar, 5 μm. (C) Quantitation of the γ-tubulin localization defects in WT and mutant brain cells. The graphs show the percentages of cells displaying normal, weak, or very weak centrosomal localization of γ-tubulin in WT (black), *d-plp* ^2172^ (red), or *d-plp* ^5^ (green) cells in prometaphase, metaphase, and anaphase (see Materials and methods for the criteria used for scoring each class). The total number of cells (WT/*d-plp* ^2172^/*d-plp* ^5^) counted from at least eight different brain squashes was: prometaphase, 51/110/43; metaphase, 139/267/132; anaphase, 40/61/33.](200402130f4){#fig4}

In WT cells, D-PLP remained tightly associated with centrioles from metaphase to telophase, and γ-tubulin also became tightly associated with the centrosomes during this period ([Fig. 4](#fig4){ref-type="fig"} B). In *d-plp* mutant metaphase cells, γ-tubulin was often only weakly concentrated at centrosomes or was abnormally dispersed in the cytoplasm ([Fig. 4](#fig4){ref-type="fig"} B). Quantification of these phenotypes ([Fig. 4](#fig4){ref-type="fig"} C; see Materials and methods) revealed that the defect in γ-tubulin recruitment was similar in both *d-plp* ^5^ and *d-plp* ^2172^ mutants, suggesting that D-PLP-L plays the major role in recruiting γ-tubulin to centrosomes. Moreover, the recruitment of γ-tubulin to centrosomes was most aberrant in early mitosis and improved dramatically as cells progressed through cell division. This suggests that there is a D-PLP--independent mechanism that can eventually recruit γ-tubulin to the centrosomes/spindle poles during mitosis.

To test whether D-PLP was required to recruit any other proteins to the centrosome during mitosis, we stained WT and *d-plp* mutant cells with several other centrosomal markers. The centrosomal recruitment of all the proteins we tested (CNN, D-TACC, CP60; Fig. S1, available at <http://www.jcb.org/cgi/content/full/jcb.200402130/DC1>) (Msps and CP190; unpublished data) was disrupted in *d-plp* ^2172^ and *d-plp* ^5^ mutant cells. Thus, in larval brain cells, D-PLP is required for the efficient recruitment of several proteins to the PCM.

Centriole replication appears to occur normally in *d-plp* mutants
------------------------------------------------------------------

As D-PLP is associated with centrioles, the failure to efficiently recruit PCM components in *d-plp* mutants could be due to a failure to properly form centrioles. To determine if centriole replication was disrupted in *d-plp* mutant cells, we examined the distribution of the centrioles using the GTU88\* centriolar marker in *d-plp* ^2172^ and *d-plp* ^5^ mutant brains. The size and distribution of centrioles in WT and mutant interphase brain cells was indistinguishable, and we obtained a similar result using GFP-PACT as a centriolar marker in living preparations of WT or mutant brains (unpublished data; note that the expression of GFP-PACT did not alter any aspect of the *d-plp* mutant phenotype, nor did it have any detectable dominant-negative affect). Thus, centriole replication appears to occur normally in *d-plp* mutant brain cells. The same is also true in *d-plp* mutant testes (see below).

Mitosis is not dramatically disrupted in *d-plp* mutant cells
-------------------------------------------------------------

To our surprise, the arrangement of microtubules in *d-plp* mutant cells was not grossly perturbed, and anaphase cells usually had a normal arrangement of microtubules and chromosomes, even when centrosomal markers were not tightly concentrated at centrosomes ([Fig. 5, A, B, and F](#fig5){ref-type="fig"}). Most prophase and metaphase mutant cells also had a normal arrangement of microtubules and chromosomes, although there was a modest increase in the number of cells that had at least one clearly disorganized spindle pole or that were more severely disorganized ([Fig. 5](#fig5){ref-type="fig"}, C--F). In mutant cells that also expressed GFP-PACT as a centriolar marker, the centrioles were always at the center of a microtubule aster in prophase cells, and the centrioles were invariably located at the poles of the mitotic spindle from metaphase to anaphase (unpublished data). Thus, the centrioles appear to function as microtubule-organizing centers in *d-plp* mutant cells even though the recruitment of the PCM is inefficient. This suggests that most *d-plp* mutant cells assemble their spindles in a centrosome-dependent manner.

![***d-plp* mutant brain cells have few mitotic spindle defects.** (A--E) The distribution of microtubules (red), CNN (green), and DNA (blue) is shown in WT (A) or *d-plp* mutant (B--E) cells. (A) A WT cell in anaphase. (B) A *d-plp* mutant cell in anaphase. In this cell, although the recruitment of CNN to the spindle poles is abnormal, the spindle appears morphologically normal and chromosome segregation is unperturbed. (C) A mutant metaphase cell with a normal spindle morphology. (D) A mutant metaphase cell with one pole that is not tightly focused (arrow). (E) A mutant metaphase cell in which the arrangement of the spindle microtubules is highly abnormal. (F) Graphs showing the percentage of WT (black), *d-plp* ^2172^ (red), or *d-plp* ^5^ (green) mutant cells with normal, abnormal, or very abnormal spindle morphologies at various stages of the cell cycle. The total number of cells (WT/*d-plp* ^2172^/*d-plp* ^5^) counted from six different brain squashes was: prometaphase, 84/111/98; metaphase, 215/279/257; anaphase, 73/75/68. Bar, 5 μm.](200402130f5){#fig5}

Compared with controls, mutant cells did not have higher levels of either polyploidy/aneuploidy during metaphase or lagging chromosomes during anaphase (unpublished data). In addition, the mitotic index was no higher in mutant cells (1.4 ± 0.4, *n* \> 5,000 for *d-plp* ^5^; 1.3 ± 0.6; *n* \> 8,000 for *d-plp* ^2172^) than in control cells (1.4 ± 0.6; *n* \> 7,000). Thus, although the recruitment of several proteins to centrosomes was impaired in mutant cells, this did not lead to dramatic defects in mitosis.

*d-plp* ^2172^ mutant sensory neurons have ciliary defects
----------------------------------------------------------

The uncoordinated phenotype seen in *d-plp* mutant flies is often associated with defects in mechanosensory transduction ([@bib23]). Type I sensory organs contain neurons with specially modified cilia that transduce proprioceptive and auditory stimuli, and these cilia are required for normal sensory transduction ([@bib8]; [@bib18]). We found that GFP-PACT was concentrated at the centrioles/basal bodies in all of the ciliated sensory neurons that we observed (chordotonal, olfactory, taste, and mechanosensory; unpublished data), so we wondered whether it might be required for proper cilia formation in these cells.

To assess sensory neuron function, we recorded sound-evoked potentials (SEPs) from Johnston\'s organ---the large, auditory, chordotonal organ in the second antennal segment. Johnston\'s organ contains ∼200 sensory units, or scolopidia, which respond to sound-induced vibrations in the distal antennal segments ([@bib4]). Cilia extending from each of two or three sensory neurons in a scolopidium are attached at their distal tips to a dendritic cap that transmits the vibration to the cilia. To record sound-evoked responses, individual *d-plp* ^2172^ mutant flies or their heterozygous siblings were exposed to a standard sound stimulus while recording extracellular potentials with electrodes placed in the antenna and head ([@bib9]). Heterozygous flies had normal responses to each sound pulse ([Fig. 6](#fig6){ref-type="fig"} A). In contrast, most (16/26) homozygous mutant flies had no sound-evoked responses, and the amplitude of the response was greatly reduced in those flies that did respond ([Fig. 6](#fig6){ref-type="fig"} B).

![***d-plp*^2172^ mutants have defects in mechanosensory neuron function.** (A) A trace of the SEPs originating from the auditory chordotonal organ of a *d-plp* ^2172^ homozygous and a *d-plp* ^2172^ heterozygous adult. (B) The distribution of the peak SEP amplitudes in *d-plp* ^2172^ homozygotes (red) and *d-plp* ^2172^ heterozygotes (black). (C--H) Micrographs show the chordotonal neurons in the second and third antennal segments of WT flies (C--E) or *d-plp* ^2172^ homozygous mutant flies (F--H). The neurons express the mCD8-GFP membrane marker (left panel; green in image merged with a DIC view); a magnified view or the second segment is shown in E and H. In *d-plp* ^2172^ heterozygous antennae, the extended outer segment cilia of the mechanosensory chordotonal neurons in the second antennal segment (arrows) and the chemosensory neurons in the third antennal segment (arrowheads) are clearly visible. In *d-plp* ^2172^ homozygous mutant antennae, most of these extended cilia are either absent or short and kinked, and the chordotonal cilia of the second segment fail to attach to the cuticle that connects the second and third antennal segments (asterisk). Bars, 20 μm.](200402130f6){#fig6}

To see if this defect in sensory neuron function could be due to defects in the cilia, we visualized the cilia by labeling the plasma membrane of all neurons with the mCD8-GFP marker ([@bib30]). In *d-plp* ^2172^ heterozygous antennae, the ciliary outer segments of the mechanosensory chordotonal neurons in the second antennal segment and of the chemosensory neurons in the third antennal segment were clearly visible ([Fig. 6](#fig6){ref-type="fig"}, C--E). By contrast, in *d-plp* ^2172^ homozygous mutant antennae the sensory cilia in both the chordotonal organs and the olfactory bristles were absent or severely shortened and kinked ([Fig. 6](#fig6){ref-type="fig"}, F--H). It seems likely that all ciliated sensory neurons, including those innervating tactile and proprioceptive bristles, are similarly affected. Thus, the uncoordinated phenotype of *d-plp* mutant flies seems to be caused by cilia defects in the type I sensory neurons.

*d-plp* mutants have centriole defects during spermatogenesis
-------------------------------------------------------------

Apart from the type I sensory neurons, the only other cells in flies that have cilia or flagella are the sperm ([@bib18]). Therefore, we analyzed whether flagella function was abnormal in *d-plp* mutant sperm. During normal spermatogenesis, each spermatogonium goes through four rounds of mitotic division to generate a cyst of 16 primary spermatocytes ([@bib12]). These cells contain four large centrioles arranged as two orthogonal pairs ([Fig. 7](#fig7){ref-type="fig"} A). These centrioles are ∼10-fold larger and are much more structurally elaborate than those found in any other cells in *Drosophila* ([@bib16]). In *d-plp* ^2172^ and *d-plp* ^5^ mutant testes, morphologically normal primary spermatocytes were formed that each contained two pairs of large, orthogonally arranged centrioles ([Fig. 7](#fig7){ref-type="fig"} B), suggesting that centriole replication occurs normally during these premeiotic rounds of cell division in *d-plp* mutants.

![***d-plp* mutants exhibit centriole defects during spermatogenesis.** (A--D) The distribution of centrioles (red; stained here with GTU88\*) is shown in immature (A and B) or mature (C and D) WT (A) or mutant (C and D) primary spermatocytes. In immature spermatocytes, the centrioles in both WT (A) and mutant (B) cells are arranged as two orthogonal pairs, demonstrating that centriole replication has occurred normally during the mitotic divisions that generated these cells. This orthogonal arrangement is maintained in WT cells as they enter meiosis I (see [Fig. 2](#fig2){ref-type="fig"} E), but in the majority of mutant cells (C and D) the centrioles lose their orthogonal arrangement and start to partially fragment. DNA is stained in blue. (E and F) Centriole fragmentation is also seen in living mutant spermatocytes. Phase-contrast images show part of a cyst of WT (E) or mutant (F) primary spermatocytes, whereas the fluorescent images show the distribution of centrioles (visualized here with GFP-PACT). Arrows highlight normal centriole pairs, arrowheads highlight centriole fragments. Insets show a 3×-magnified view of selected centrioles. (G) In WT cysts of maturing sperm, the centrioles/basal bodies (visualized with GFP-PACT) are located at the base of the sperm flagella. In mutant cysts of maturing sperm, basal bodies and flagella are present, but the cyst is often disorganized. Bars: 5 μm (A--D), 10 μm (E--H).](200402130f7){#fig7}

However, as the spermatocytes matured, the centrioles in mutant spermatocytes often lost their orthogonal arrangement and partially fragmented ([Fig. 7, C and D](#fig7){ref-type="fig"}). This was confirmed in living spermatocytes using GFP-PACT as a centriolar marker ([Fig. 7, E and F](#fig7){ref-type="fig"}). As a result of this fragmentation, mutant spermatocytes often formed multipolar meiosis I spindles, with each spindle pole organized by at least one centriole (or centriole "fragment"; see Fig. S2, available at <http://www.jcb.org/cgi/content/full/jcb.200402130/DC1>). Thus, D-PLP appears to be essential for maintaining the structural integrity of the large centrioles that form in spermatocytes.

Although meiosis was highly abnormal in mutant spermatocytes, at least some cells developed into relatively normal-looking sperm. However, the distribution of centrioles and nuclei in the cysts was often disorganized ([Fig. 7, G and H](#fig7){ref-type="fig"}). Moreover, although the mutant sperm contained flagella, these were invariably nonmotile (see Materials and methods). However, an EM analysis revealed that the mutant sperm tails appeared structurally normal (Fig. S3, available at <http://www.jcb.org/cgi/content/full/jcb.200402130/DC1>).

Discussion
==========

The PACT domain proteins Pericentrin and AKAP450/CG-NAP are amongst the best-studied centrosomal proteins. These proteins are thought to function by recruiting a small number of specific proteins, such as γ-tubulin and PKA, to the PCM, and they are widely believed to play important roles in several aspects of cell division ([@bib24], [@bib25]; [@bib7]; [@bib5]; [@bib41], [@bib42]; [@bib6]; [@bib47]). Our analyses on D-PLP, the only PACT domain protein in flies, reveal several important insights into the function of this conserved family of proteins in vivo.

D-PLP is associated with both the centrioles and with the PCM
-------------------------------------------------------------

Previous reports have suggested that Pericentrin and AKAP450 are concentrated in the PCM ([@bib24]; [@bib7]; [@bib14]). However, we find that D-PLP is most strongly associated with the centrioles. Two different anti-D-PLP antibodies stain centrosomes as a very small dot at the center of the PCM, and both antibodies recognize the centrioles in *Drosophila* oocytes and in interphase larval brain cells---cells where the centrioles appear to lack any associated PCM. However, our FRAP analysis of GFP-PACT in living embryos suggests that there are two distinct fractions of D-PLP at centrosomes: a fraction that stably associates with centrioles (and is only incorporated into centrioles when they replicate) and a fraction in the PCM that is in rapid exchange with a cytoplasmic pool. Although the localization of GFP-PACT may not accurately reflect the localization of the endogenous D-PLP protein, it has previously been shown that the overexpression of the PACT domain can displace endogenous PACT domain proteins from the centrosome, strongly arguing that this domain binds to the same sites in the centrosome as the endogenous protein ([@bib14]; [@bib25]). Moreover, we find that D-PLP and GFP-PACT colocalize in oocytes, embryos, and larval brain cells in a manner that is distinct from that seen with any other centrosomal markers. Thus, we believe that GFP-PACT is likely to be a reliable marker of D-PLP localization.

We speculate that other PACT domain proteins will also be concentrated in the centrioles as well as in the PCM. Although several previous reports have concluded that these proteins are components of the PCM, some of this data is consistent with a localization in centrioles ([@bib7]; [@bib25]). Pericentrin, for example, is concentrated at the basal body of *Xenopus* sperm nuclei, whereas other PCM markers, such as γ-tubulin, are not ([@bib40]). In addition, the centriolar fraction of PACT domain proteins may be difficult to detect by indirect immunofluorescence methods in some systems because of antibody penetration problems. In most *Drosophila* cells, centrioles are unusually small and simple structures, but in spermatocytes they are larger and more elaborate, and more closely resemble the centrioles found in typical vertebrate cells ([@bib16]). In *Drosophila* spermatocytes, neither D-PLP antibody stains the centrioles. This appears to be due to antibody penetration problems, as GFP-PACT is concentrated in these centrioles, but cannot be detected with anti-GFP antibodies.

D-PLP is required for the efficient centrosomal recruitment of several PCM components, but is not essential for mitosis
-----------------------------------------------------------------------------------------------------------------------

We find that D-PLP is essential for the efficient centrosomal recruitment of all six PCM components that we tested, and we have not found a PCM component whose concentration at the centrosome is not perturbed in *d-plp* mutant cells. This suggests that D-PLP plays an important part in recruiting most (and possibly all) PCM components to the centrosome. However, as mitosis proceeds, the recruitment of PCM components to the centrosome in mutant cells improves, and by the time the cells have entered anaphase, ∼50--80% of cells have a normal centrosomal concentration of PCM markers. A possible explanation is that the *d-plp* mutations are not nulls, and that a small amount of residual D-PLP function can eventually recruit proteins to centrosomes. However, we think this unlikely, as we have generated 17 alleles of *d-plp*, several of which appear to be protein nulls by Western blotting and immunofluorescence criteria (using two different anti-D-PLP antibodies). γ-Tubulin can be detected at centrosomes and mitosis does not appear to be appreciably perturbed in any of these 17 alleles (unpublished data). This suggests that there is a mechanism of recruiting PCM proteins to the centrosomes/spindle poles that is independent of D-PLP.

How might D-PLP recruit proteins to the centrosome? Our observation that D-PLP is associated with both the centrioles and the PCM raises a number of possibilities. D-PLP could function to directly link the centrioles to the PCM: in the absence of D-PLP, no PCM is initially recruited to the centrioles, but a D-PLP--independent mechanism eventually recruits the PCM to the spindle poles as mitosis progresses. Alternatively, the centriolar- and PCM-associated fractions of D-PLP may have separate functions, and D-PLP could interact with PCM components in the cytoplasm and so target them to the centrosome. Finally, D-PLP may play no direct role in recruiting proteins to the PCM, but could simply provide structural integrity to the PCM.

Perturbing Pericentrin function in *Xenopus* eggs or in tissue culture cells leads to defects in spindle assembly ([@bib7]; [@bib35]; [@bib34]), whereas perturbing AKAP450 function leads to defects in cytokinesis, centriole replication, and cell cycle progression ([@bib25]). Recently, the large form of D-PLP (called CP309 in this paper) was shown to be essential for microtubule nucleation from purified *Drosophila* centrosomes in vitro ([@bib21]). Surprisingly, however, we find that cell division is not dramatically perturbed in *d-plp* mutant larval brain cells. Centriole replication appears to occur normally, and even in cells that largely fail to recruit centrosomal proteins to the spindle poles, mitosis occurs relatively normally. This finding is consistent with several previous observations. In *cnn* and *asterless* (*asl*) mutant brain cells, for example, there is a dramatic reduction in the amount of γ-tubulin recruited to centrosomes during mitosis, but these cells have few mitotic defects ([@bib13]; [@bib32]). It seems that several cell types can organize bipolar spindles in the absence of centrosomes ([@bib19]; [@bib26]). Therefore, we speculate that PACT domain proteins may be dispensable for cell division in vivo in all higher eukaryotic organisms.

D-PLP is essential for proper cilia/flagella formation
------------------------------------------------------

Although D-PLP is not essential for viability, *d-plp* mutants are invariably uncoordinated, a phenotype often associated with defects in mechanosensory transduction ([@bib23]). Type I sensory organs contain sensory neurons with specially modified cilia that transduce proprioceptive and auditory stimuli. Recently, mutations in several genes have been identified that cause defects in cilia formation in these sensory neurons, and these mutations have an uncoordinated phenotype that is very similar to that seen in *d-plp* mutants ([@bib8]; [@bib18]). We find that the chordotonal sensory neurons in *d-plp* mutant flies lack normal cilia and are almost completely nonfunctional, suggesting that cilia defects in the mechanosensory neurons cause the uncoordinated phenotype in *d-plp* mutants. Moreover, the flagella of sperm cells, which are the only other cells in *Drosophila* that contain cilia/flagella, are nonmotile, suggesting that D-PLP is required for the proper function of all cilia/flagella in flies.

What is the essential role of D-PLP in flagella and cilia? We propose that D-PLP has a role in maintaining the structural integrity of centrioles/basal bodies in cells that form cilia or flagella. In support of this possibility, the large centrioles formed in *d-plp* mutant spermatocytes often lose their orthogonal arrangement and partially fragment during development. Such a centriolar "fragmentation" has, to our knowledge, not been described before, and it suggests that the structural integrity of the centrioles in these cells is compromised in the absence of D-PLP. In vertebrates, cilia are important in many processes, including sperm motility, sensory neuron function, phototransduction, and the generation of left/right asymmetry during development. We predict that knocking out PACT domain protein function in a vertebrate organism would lead to defects in all of these cilia-dependent processes.

Materials and methods
=====================

Fly strains
-----------

Flies were maintained on standard maize meal *Drosophila* medium at 25°C. *w* ^67^ was used as a WT stock and as the parental stock to generate transgenic lines. The *Df(3L)Brd15* deficiency and the P-element insertion line *l(3)s2172* were obtained from the Bloomington Stock Center (Indiana University, Bloomington, IN).

Ethylmethane sulphate mutagenesis
---------------------------------

New mutations in the *d-plp* gene were generated by feeding *ru, st, e, ca* males ethylmethane sulphate (25 mM in 1% sucrose) using standard procedures ([@bib39]).

Generation of flies expressing a GFP-PACT fusion protein
--------------------------------------------------------

A 1.5-kb DNA fragment encoding GFP fused to the COOH-terminal 226 amino acids of CG6735 (which contains the PACT domain) was amplified by PCR from a plasmid described previously ([@bib14]). The amplified product was then subcloned into pWRpUbq ([@bib29]); full cloning details are available on request. Transgenic flies were generated using standard methods ([@bib39]).

Production of antibodies
------------------------

PCR was used to amplify the DNA encoding aa 8--351 of the predicted protein encoded by CG13459, and aa 683--974 of the D-PLP-S cDNA (referred to as SD04227 by the Berkeley *Drosophila* Genome Project). The PCR products were subcloned, in frame, into the pMal vector (New England Biolabs, Inc.), and the resulting maltose-binding protein fusion proteins were purified according to the manufacturer\'s instructions. The purified fusion proteins were used to generate antibodies in rabbits; Eurogentec performed all injections and bleeds. The antibodies were affinity purified and stored as described previously ([@bib20]).

Electrophoresis and immunoblotting
----------------------------------

For Western blotting, 20 brains were dissected from WT or *d-plp* ^2172^ homozygous mutant third instar larvae in PBS and were homogenized in SDS sample buffer ([@bib28]). The proteins were separated in 3--8% gradient precast acrylamide gel NuPAGE^®^ (Invitrogen) and then were transferred by electroblotting to a nitrocellulose membrane (Millipore). Western blotting was performed as described previously ([@bib20]).

Brain and testis immunostaining
-------------------------------

For γ-tubulin staining, brains were prepared and treated as described previously ([@bib15]). All other immunostaining of brains or testes was performed as described previously ([@bib45]), except for the staining of microtubules, where we used a different protocol ([@bib2]). To quantify γ-tubulin and CNN at centrosomes, we scored at least eight brains from WT, *d-plp* ^2172^, or *d-plp* ^5^/*Df(3L)Brd* ^R15^ mutants. The following criteria were used to assign each mitotic cell to one of three classes: "normal" cells contained two well-focused poles of γ-tubulin staining; "weak" cells contained at least one pole that had either weak staining or an unusually diffuse staining of γ-tubulin; "very weak" cells had either a very weak staining or a very diffuse staining of γ-tubulin at both poles. In brains, we determined the mitotic index as the ratio of phosphohistone H3--positive (mitotic) cells per total Hoechst-stained cells. Anti-D-PLP antibodies were used at 1 μg/ml; antibodies to γ-tubulin (GTU88; Sigma--Aldrich), α-tubulin (DM1a; Sigma-Aldrich), and phosphohistone H3 (Upstate Biotechnology) were used at dilutions of 1:500, 1:1,000, and 1:1,000, respectively. All dilutions of primary antibodies were made in PBS + 0.05% Triton X-100 or PBS + BSA. Secondary antibodies coupled to the appropriate fluorophore (Alexa^®^ 488, Cy3, or Cy5; Molecular Probes, Inc.) were diluted to 1:1,000 in PBS + 0.05% Triton X-100. Note that for all γ-tubulin staining, we used a batch of the GTU88 mAb that did not recognize centrioles in any tissues.

Live testis analysis
--------------------

Testes from third instar larvae, pupae, or adults were dissected in PBS and transferred to a small drop of PBS on a clean coverslip. Testes from third instar larvae were gently squashed between a coverslip and a slide, whereas testes from pupae or adults were first cut with a pair of tungsten needles and then gently squashed. To test for sperm motility, freshly eclosed *d-plp* mutant males were moved to a clean vial of food. Although unable to move in a coordinated manner, mutant flies could live for several days under these conditions. Testes were dissected from WT and mutant males, the seminal vesicle and associated testes were cut with a pair of dissecting needles, and the sperm were observed under a dissecting microscope (model M6; Leica) for any sign of motility.

Embryo staining
---------------

We fixed 0--4-h-old embryos in methanol and processed them for immunostaining as described previously ([@bib20]).

Electron microscopy
-------------------

Testes of WT and *d-plp* ^2172^ mutant pupae were dissected and fixed for 4 h in cold PBS + 2% glutaraldehyde. The samples were osmicated in 1% OsO~4~ and subsequently en bloc stained in uranyl acetate. After dehydration, they were embedded in Araldite. Thin (∼50 nm) sections were stained in uranyl acetate and lead citrate and viewed in an electron microscope (CM100; FEI/Philips) operated at 80 kV. Images were recorded onto Kodak 4489 sheet film and subsequently scanned to obtain digital images.

FRAP analysis
-------------

We observed living embryos expressing GFP-PACT with a microscope (model E800; Nikon) using a Radiance confocal system (Bio-Rad Laboratories). Using our own macro (written by Alex Sossick), we manually selected a small area of an embryo and then photobleached it with two passes of the scanning laser on 100% power. The whole embryo was then imaged using normal laser power (usually 2--5% of full power), and the images acquired during the recovery period were imported into NIH Image for analysis.

Recording of SEPs
-----------------

Near-field sound stimuli were generated to approximate *Drosophila* courtship song. SEPs were amplified and recorded as described previously ([@bib9]). Recordings were made from heterozygote and homozygote *d-plp* ^2172^ flies in alternating sequence.

Immunofluorescence analysis of chordotonal cilia
------------------------------------------------

We generated a line of flies that carried the *d-plp* ^2172^ mutation and expressed mCD8-GFP under the control of the *elav* ^C155^ Gal4 driver. Heterozygote and homozygote *d-plp* ^2172^ pupae were selected on the basis of eye pigmentation at 30--50 h post-pupariation. Antennae were dissected and fixed in 4% formaldehyde in PBS with 0.3% Triton X-100 (PBST) for 2 h at RT. Tissues were washed three times for 10 min in PBST and briefly in PBS before mounting in 80% glycerol.

Image acquisition and presentation
----------------------------------

The imaging of all brain and testes preparations was performed using a microscope (Axioskop 2; Carl Zeiss MicroImaging, Inc.) with a CoolSnap HQ™ camera (Photometrics) with MetaMorph^®^ software (Universal Imaging Corp.). Pictures of brain squashes show a single optical section that was determined to have the brightest centrosome staining at both poles of the spindle. Deconvolution and final projection of the fixed testes images ([Fig. 7](#fig7){ref-type="fig"}, A--D) were performed with Huygens professional 2.5 (Scientific Volume Imaging) after collection of 40 optical sections at 0.1-μm intervals. The imaging of live and fixed embryos was performed on a Radiance confocal microscope system (Bio-Rad Laboratories). All images were imported into Adobe Photoshop^®^, and all control and experimental images were processed in exactly the same way. Fluorescence images of antennae were collected using a confocal microscope (TCS SP2; Leica), and Z-projections were made using the maximum projection algorithm.

Online supplemental material
----------------------------

Fig. S1 shows the localization of CNN, D-TACC, and CP60 in WT and *d-plp* mutant brain cells in metaphase. Fig. S2 shows the meiosis defects observed in *d-plp* mutant spermatocytes. Fig. S3 shows an EM cross section of WT and *d-plp* mutant sperm flagella. Online supplemental material available at <http://www.jcb.org/cgi/content/full/jcb.200402130/DC1>.
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